Laboratory studies indicate global warming may cause changes in locomotor performance directly relevant for fitness and dispersal. Yet, this remains to be tested under seminatural settings, and the connection with warminginduced alterations in the underlying traits has been rarely studied. In an outdoor mesocosm experiment with the damselfly Ischnura elegans, 48C warming in the larval stage decreased the flight muscle mass, which correlated with a lower flight endurance. Warming did not affect body mass, size or wing morphology. This illustrates how carry-over effects of warming under seminatural conditions during early development bridge metamorphosis and negatively impact locomotor performance through changes in a key flight-related trait.
Introduction
Predicting effects of global warming based on a single life stage can be misleading. One major reason is that environmental conditions experienced early in life can carry-over to adult life stages and affect fitness and dispersal abilities [1, 2] . Warming may affect fitness and dispersal by altering locomotor performance [3, 4] . Therefore, understanding the mechanisms of such carry-over effects requires studying individual trait responses underlying warming-induced changes in locomotor performance.
Several studies revealed effects of warming on locomotor performance to be mediated by changes in underlying traits such as body size (e.g. [5 -7] ) and wing characteristics (e.g. [7, 8] ) (but see [9] for no mediation). Yet, current evidence is based on indoor laboratory studies under artificial conditions, for example, under constant temperatures (but see [10] ). The effects of warming on locomotor-related traits, such as body size, may, however, strongly depend on environmental conditions such as fluctuating thermal conditions [11] , food quality [12] and competition [13] .
We here test for the effect of a realistic 48C warming scenario ( [14] , see electronic supplementary material, figure S1 ) under seminatural outdoor mesocosm conditions in the larval stage on flight performance and the underlying flightrelated traits in the damselfly Ischnura elegans. In flying ectotherms, flight performance is crucial for fitness, given its link to foraging, predator avoidance and reproductive success [15] and for dispersal [4] . Flight performance strongly depends on body mass, flight muscle mass and wing characteristics [7, 8, 16] . We predicted a warming-induced decrease in flight performance and flight-related traits due to suboptimal thermal conditions experienced in early development [17, 18] .
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Material and methods
For additional details of all methods, see the electronic supplementary material.
(a) Experimental design
We installed 16 outdoor mesocosms: eight at the ambient temperature and eight heated þ 48C above ambient. Mesocosms were containers filled with 180 l of a 2 : 1 mixture of tap water and filtered pond water, and were covered with a net. Aquarium heaters linked to temperature sensors maintained the þ48C difference (mean + s.e. ¼ 4.23 + 0.08; electronic supplementary material, figure S1 ).
In November 2014, we inoculated each mesocosm with 35 I. elegans damselfly larvae (total of 560 larvae), which were collected in a shallow pond in Genk (Belgium). As the food source, we added to each mesocosm at the start of the experiment an equal amount of zooplankton and mayfly larvae.
Starting April 2015, we daily monitored the emergence of adult damselflies. Freshly emerged damselflies were kept overnight at 218C to ensure full hardening of the exoskeleton, and used in the flight test the following day. We calculated emergence success per mesocosm as the proportion of the initial set of 35 larvae that became adult.
(b) Flight test
We quantified the flight performance (total n ¼ 264) following Gyulavári et al. [19] in a Plexiglas flight tube (diameter: 50 cm, height: 200 cm) at 218C (for motivation, see electronic supplementary material). We calculated flight speed as height/ duration (cm s 21 ), and flight endurance (s) as the total duration of the flight bout. Afterwards, animals were sexed, weighed to the nearest 0.01 mg using an electronic balance and frozen for physiological analyses.
(c) Flight-related phenotypic traits
Flight muscle mass and total fat content were quantified as in Gyulavári et al. [19] . Muscle mass was quantified as the amount of proteins in the thorax, because the flight muscles of odonates make up most of the thorax [20] . Using geometric morphometry [21] , we quantified flight-related wing traits: wing shape, wing size as centroid size and wing loading as the ratio of body mass to wing area.
(d) Statistical analyses
Using linear mixed-effect models (LMMs), we tested for the effect of the temperature treatment on each response variable. The LMMs also included sex and its interaction with the temperature treatment as fixed effects (except for emergence success, because the larvae added to the mesocosms were too small to be sexed).
Models for physiological traits and flight performance included body mass as covariate, and models for the shape variables (relative warps) included centroid size. In addition, to reveal the link between warming-induced changes in flight performance and the underlying phenotype, we selected flight-related traits that were significantly altered by the warming treatment, and included these traits to the flight performance models (body mass was also included as a covariate). All models included mesocosm identity (nested in warming treatment), except for emergence success which was calculated per mesocosm.
Analyses were conducted with R v. 3.4.0 [22] . Emergence date, mass at emergence, wing loading and flight endurance were log-transformed to meet model assumptions.
Results
Full (statistical) results can be found in the electronic supplementary material.
Emergence success did not differ between the ambient (mean + 1 s.e.¼ 58 + 2.50%) and heated (53 + 4.74%) mesocosms (F 1,14 ¼ 0.93, p ¼ 0.351). Warming resulted in damselflies emerging 37 days earlier, yet without affecting mass at emergence (table 1, figure 1a,b) . Adults emerging from the heated mesocosms had a lower mass-corrected flight muscle mass (table 1, figure 1c) . The interaction between warming and sex had a marginally significant effect on fat content ( p ¼ 0.052, table 1): warming increased the fat content of males but not of females (figure 1d). Warming did not affect the variables related to wing shape (relative warps) and wing size (centroid size and wing loading).
Warming resulted in a lower mass-corrected flight endurance, but did not affect mass-corrected flight speed (table 1, figure 2a,b) . When included in the model, a higher flight muscle mass was associated with a longer flight endurance (F 1,250 ¼ 5.00, p ¼ 0.026, electronic supplementary material, figure S3a), and there was a trend for a negative association between fat content and flight endurance (F 1,248 ¼ 3.28, p ¼ 0.071, electronic supplementary material, figure S3b). When including both traits in the model, the warming treatment was no longer significant (F 1,14 ¼ 3.23, p ¼ 0.093, electronic supplementary material, table S2), indicating the effect of warming on flight endurance operated mainly through muscle mass and fat content.
Discussion
The realistic 48C warming scenario in the larval stage resulted in decreased flight performance in the adult dispersal stage of this flying ectotherm. We found no support for the suggested mediatory role of body size reduction under elevated temperatures [23] , but instead could link this cost of warming to a reduction in flight muscle mass. Our results, obtained under seminatural outdoor settings, provide a candidate mechanism for how warming in the larval stage may shape the dispersal phenotype and fitness, and more generally contribute to the proposed framework linking the local larval environment and adult dispersal [2] . The warming-driven advance in phenology matches previous studies in odonates [24, 25] . The accelerated development due to warming did not incur costs in terms of mortality, reduced body mass or wing size and in males was even associated with an increased fat content. While this contrasts with the temperature-size rule [26] , it matches another outdoor warming experiment with a dragonfly [24] . This illustrates the potential of odonates for compensating a shorter development period with an accelerated growth (cf. [27] ), and further suggests that more realistic experimental conditions may result in deviations from the temperature-size rule (e.g. [12, 24] ).
Unlike body mass, flight muscle mass was reduced under warming. Warming-induced changes in food levels did not seem to be the reason for this pattern, as warming did not influence prey densities (electronic supplementary material, figure S4 ) or prey quality (i.e. body stoichiometry; M Van Dievel 2017, unpublished data). Although we cannot rule out alternative explanations such as warming-induced rsbl.royalsocietypublishing.org Biol. Lett. 14: 20180121 changes in prey behaviour (e.g. [28] ), we hypothesize the reduced muscle mass to be the result of the compensatory growth, which typically comes with physiological costs [29] . Studies with fish, for example, reported a negative effect of warming-induced accelerated growth rate on muscle development (e.g. [30] ). In a laboratory study with I. elegans, warming during the final larval instar reduced the flight ability through changes in wing shape [8] . Reasons for this disparity could be differences in experimental settings, such as constant and higher temperatures (20/25/308C), shorter exposure periods (10 -25 days) and individual indoor housing of the larvae with ad libitum food (hence no intraspecific competition).
Given that flight endurance is a crucial trait for foraging, escaping predators and obtaining mates (for damselflies: [15] ), our finding has direct relevance for fitness consequences of future warming. To fully capture the fitness implications, however, the ecological consequences of the advanced phenology also need to be considered. Notably, as dispersal is tightly linked with locomotor abilities [4] , our results suggests warming may impair dispersal abilities (see also [17, 18] 
